INTRODUCTION {#SEC1}
============

Base excision repair (BER) plays an important role in mammalian cells by repairing DNA base lesions and single-strand breaks formed by endogenous and exogenous DNA-reactive agents ([@B1]--[@B5]). The BER process is multifaceted with many sub-pathways and variations ([@B6],[@B7]). A useful working model for one of these sub-pathways, termed single-nucleotide or short patch BER, may be outlined as follows: The process for correcting a damaged base is initiated by spontaneous base loss or monofunctional DNA glycosylase activity ([@B4],[@B8]). The resulting apurinic/apyrimidinic (AP) site is incised by AP endonuclease 1 (APE1) producing a single-nucleotide gap with 3′-OH and 5′-deoxyribose phosphate (5′-dRP) groups at the margins ([@B9],[@B10]). DNA polymerase (pol) β, or pol λ, binds at the gap, removes the dRP group via 5′-dRP lyase activity ([@B11]--[@B14]) and then inserts a dNMP in accordance with Watson-Crick base pairing ([@B15],[@B16]). In the final step, the BER intermediate containing a nick is ligated by DNA ligase I or III ([@B17]--[@B20]). Studies of mouse fibroblasts with a deletion in the pol β gene revealed that these cells displayed elevated MMS-induced mutagenesis ([@B21]), and this phenotype was later found to be strictly dependent on expression of Rev1 ([@B22]). The elevated mutagenesis phenotype was found in a genome-integrated phage lambda *CII* gene system, and the MMS-induced mutation spectrum was consistent with Rev1 dCMP insertion in a BER intermediate. An understanding of the mechanism of this Rev1 effect on MMS-induced mutagenesis in the pol β null background was not evaluated earlier, and this was a focus of the present study.

Rev1 was initially described as a specialized DNA polymerase with the ability to incorporate dCMP into DNA in an untemplated fashion ([@B23]--[@B25]). The enzyme also is known to be involved in mutagenesis in *Saccharomyces cerevisiae*; for example, disruption of the REV1 gene results in decreased UV-induced and MMS-induced mutagenesis in a strain lacking AP endonucleases ([@B26]), as well as in a wild-type strain ([@B27],[@B28]). Yeast cells harboring a polymerase-dead mutant of REV1 continued to exhibit a mutagenesis phenotype, and it was found that this pro-mutagenic effect was due to Rev1 scaffolding properties carried in its carboxy-terminal domain, such that Y-family DNA polymerases could be recruited for lesion bypass ([@B29]--[@B33]). In addition, mice expressing catalytically dead Rev1 showed a reduction in C to G and G to C transversions, consistent with disruption of its deoxycytidyl transferase activity, but also showed reductions in C to T and G to A transitions and A:T transversions. These results suggested that Rev1 is involved in multiple mutagenic pathways through functional interaction with other DNA polymerases, and these pathways may include Ig gene hypermutations ([@B34]). In mouse fibroblast cells, down-regulation of the Rev1 level, by anti-sense RNA or siRNA, abrogates the MMS-induced mutagenesis phenotype ([@B22],[@B35],[@B36]). In chicken DT40 cells, Rev1 was implicated in immunoglobulin gene somatic hypermutation (SHM) ([@B37]), pointing to the notion that Rev1 plays a role in SHM through an error-prone DNA synthesis process. For instance, it was proposed that the U:G mismatch and AP site could be processed by mismatch repair and BER, respectively, resulting in mutations at sites distal to the U:G mismatch ([@B38]--[@B42]).

The involvement of low-fidelity DNA polymerase (s) mediated-BER during SHM is still under investigation. The major BER DNA polymerases pol β and pol λ appear to play minimal if any role for SHM ([@B43],[@B44]). One of the important features for a DNA polymerase to participate in BER is possession of dRP lyase activity that is required for cleaning the 5′-end of the BER intermediate so that DNA ligation can occur. Several other DNA polymerases have been evaluated for the presence of the dRP lyase activity. Pol ι and pol θ have dRP lyase activity, but the participation of pol ι in SHM is less clear ([@B45]). Here, mouse Rev1 was examined for enzymatic properties consistent with a possible role in BER. The purified full-length enzyme was first tested for its ability to substitute for pol β in an *in vitro* assay of single-nucleotide BER. The results indicated Rev1 is capable of substituting for pol β. Rev1 was found to have 5′-dRP lyase activity, in addition to its well known insertion of dCMP into a single-nucleotide gapped substrate. Next, we cloned, expressed and purified the catalytic domain of Rev1 (residues 335 to 825), and further studies revealed this domain peptide is sufficient to support single-nucleotide BER. These results are discussed in the context of circumstances where Rev1 could be an important BER factor.

MATERIALS AND METHODS {#SEC2}
=====================

Materials {#SEC2-1}
---------

Oligonucleotides were from Oligos Etc, Inc. (Wilsonville, OR, USA) and The Midland Certified Reagent Co. (Midland, TX, USA), Inc. \[α-^32^P\]dCTP and \[α-^32^P\]Cordycepin (3000 Ci/mmol), a substitute of ddATP, and \[γ-^32^P\]ATP (6000 Ci/mmol) were from PerkinElmer (Waltham, MS). Optikinase and terminal deoxynucleotidyl transferase were from USB Corp. (Cleveland, OH, USA) and Fermentas Inc. (Hanover, MD, USA), respectively. Protease inhibitor complete (EDTA-free) was from Roche Molecular Diagnostics (Pleasanton, CA, USA). Leupeptin, aprotinin, and phenylmethylsulfonyl fluoride were from Calbiochem (La Jolla, CA, USA). Recombinant human DNA pol β was overexpressed and purified as described previously ([@B46]). Human recombinant APE1, uracil-DNA glycosylase (UDG) with 84 amino acids deleted from the amino-terminus and DNA ligase I were purified as described previously ([@B47]--[@B49]).

Preparation of substrates for dRP lyase and NaBH~4~ cross-linking assays {#SEC2-2}
------------------------------------------------------------------------

Preparation of the 3′-end labeled dRP lyase substrate was as described previously ([@B50]). The ^32^P-labeled duplex DNA was pretreated with UDG and APE1 to prepare the single-nucleotide gapped substrate that contained a 5′-dRP flap and a 3′-OH at the margins. For preparation 5′-end labeled substrate, dephosphorylated 17-mer oligodeoxyribonucleotide (5′-UGTS-SGGATCCCCGGGTACBiotin-3′) containing a uracil residue at the 5′-end, a disulfide bond (S-S) three nucleotide from the 5′-end, and biotin at the 3′-end was phosphorylated with Optikinase and \[γ-^32^P\]ATP. A 34-mer (5′-GTACCCGGGGATCCGTACGGCGCATCAGCTGCAG-3′) template was then annealed with a 15-mer (5′-CTGCAGCTGATGCGC-3′) and the 17-mer ^32^P-labeled oligonucleotides by heating the solution at 90°C for 3 min and allowing the solution to slowly cool to 25°C. The ^32^P-labeled duplex DNA was treated with UDG to generate the ^32^P-labeled deoxyribose sugar phosphate-containing single-nucleotide gapped substrate. The S-S bond was included in the substrate molecule to enable future studies on cross-linking within the dRP lyase active site.

dRP lyase assay {#SEC2-3}
---------------

dRP lyase activity was measured essentially as described previously ([@B50],[@B51]). Briefly, the reaction mixture (10 μl) contained 50 mM HEPES, pH 7.5, 20 mM KCl, 2 mM dithiothreitol, 1 mM EDTA, and 50 nM preincised ^32^P-labled AP site -containing DNA. The reaction was initiated by adding appropriate dilutions of either purified full-length Rev1, catalytically active DNA polymerase domain and referred to here as the core domain (CD), or pol β; the incubation was at 37°C as indicated in the figure legends. After the incubation, the reaction products were stabilized by addition of freshly prepared 1 M NaBH~4~ to a final concentration of 100 mM. Reaction mixtures then were transferred to 0--1°C (on ice), and incubation was continued for 30 min on ice. Next, after incubation at 75°C for 2 min, the reaction products were separated by electrophoresis in a 17% polyacrylamide gel containing 8 M urea in 89 mM Tris--HCl, pH 8.8, 89 mM boric acid and 2 mM EDTA. Imaging and data analysis were performed by PhosphorImager and ImageQuant software.

Covalent cross-linking assay {#SEC2-4}
----------------------------

To prepare the covalent cross-linked protein--DNA complex, a NaBH~4~ trapping technique was utilized EDTA, 200 nM 5′ ^32^P-labeled UDG/APE1-treated duplex DNA, appropriate dilutions of Rev1/CD/pol β as indicated in figure legends, and 1 mM NaBH~4~. The reaction mixture was incubated for 60 min on ice and then 10 min at room temperature. After incubation, the reaction was terminated by addition of 10 μl of SDS-PAGE gel-loading buffer. NuPAGE Bis--Tris gel (10%) and MOPS running buffer system were used to separate protein--DNA cross-linked complexes. Typhoon PhosphorImager was used for scanning the gels.

Kinetic measurements of dRP lyase activity {#SEC2-5}
------------------------------------------

Kinetic analysis of dRP lyase activity of the CD of Rev1 was performed essentially as described previously ([@B51],[@B52]). For the kinetic measurements, a 34-bp duplex DNA was used that contained uracil at position 16 and a nick between positions 15 and 16. This DNA was prepared by annealing both a 15-mer oligonucleotide and a 19-mer oligonucleotide with uracil at the 5′-end and 6-FAM tag at the 3′-end to the 34-mer complementary DNA strand. The DNA substrate was pretreated with UDG as above. The reaction mixture contained 50 mM HEPES, pH 7.4, 20 mM KCl, 1 mM EDTA, 100 nM duplex DNA. For a time course determination, the reaction mixture (50 μl) was assembled at 0--1°C (on ice) in the above buffer. Reactions were initiated by adding 500 nM CD peptide or the dilution buffer (control) and reaction mixtures were incubated at 37°C. Aliquots (9 μl each) were withdrawn at different time intervals and transferred to 0--1°C to stop the reaction. DNA products were stabilized by addition of 100 mM NaBH~4~ and incubated 30 min on ice. Then, an equal volume of gel-loading buffer was added, and the reaction mixture was incubated at 75°C for 2 min. The reaction products were separated by electrophoresis in a 17% polyacrylamide gel containing 8 M urea in 89 mM Tris--HCl, pH 8.8, 89 mM boric acid, and 2 mM EDTA. To quantify the reaction products, gels were scanned on a PhosphorImager and the data were analyzed as above. The rate of dRP lyase activity of Rev1 was determined by plotting the amount of product formed as a function of time. The background obtained from reaction mixtures with dilution buffer for the respective time interval was subtracted. Data were fitted to the appropriate equation by nonlinear least squares methods.

*In vitro* BER {#SEC2-6}
--------------

The repair reaction mixture (10--20 μl) was assembled on ice containing a 35-base pair oligonucleotide duplex DNA (250 nM) with uracil at position 15, 50 mM HEPES, pH 7.5, 0.5 mM EDTA, 2 mM dithiothreitol, 20 mM KCl, 4 mM ATP, 5 mM phosphocreatine, 100 μg/ml phosphocreatine kinase, 0.5 mM NAD, 5 mM MgCl~2~, 2.2 μM \[α-^32^P\]dCTP (specific activity, 1 × 10^6^ dpm/pmol), 40 nM UDG and 20 nM APE1. The pretreated DNA substrate on ice was transferred to the reaction mixture, and it was supplemented either with purified full-length Rev1 (50--500 nM), CD (500 nM), or with pol β (10 nM) and 250 nM DNA ligase I, as indicated in the figure legends. The repair reaction was then initiated by transferring reaction mixtures at 37°C. Aliquots (4.5 μl) were withdrawn at the indicated time intervals. Reactions were terminated by the addition of an equal volume of DNA gel-loading buffer (95% formamide, 20 mM EDTA, 0.02% bromophenol blue, and 0.02% xylene cynaol). After incubation at 75°C for 2 min, the reaction products were separated by electrophoresis and the data were analyzed as above.

Limited proteolysis and biochemical analysis of tryptic fragments of the CD of Rev1 {#SEC2-7}
-----------------------------------------------------------------------------------

Limited proteolysis and amino-terminal sequencing of the CD (100 kDa) of Rev1 were performed as described previously ([@B51]). Briefly, the purified His-MBP-tagged CD (66 μg) and trypsin (0.66 μg) were mixed at a 1:50 weight ratio (trypsin:CD) in 100 mM Tris--HCl, pH 8.0, and the reaction mixture was incubated at 25°C. The final reaction mixture volume was 100 μl. Aliquots (20 μl each) were withdrawn at 0, 2, 5, 10 and 20 min time intervals. A portion of each sample (18 μl) was mixed immediately with 10 μl SDS-PAGE gel-loading buffer, boiled for 5 min, and separated by electrophoresis in a 12% NuPAGE Bis--Tris gel with a MOPS running buffer system. Proteins were electrophoretically transferred onto an Immun-Blot PVDF membrane (7 × 8.4 cm) (Bio-Rad) using a transfer buffer that contained 10 mM CAPS \[3-(cyclohexylamino)-1-propanesulfonic acid\] and 10% methanol, pH 11.0 at 50 V (7 V/cm) for 1 h. The membrane was stained briefly with 0.2% (w/v) Coomassie blue R-250 in 45% methanol and 10% acetic acid and destained with 90% methanol and 10% acetic acid. The membrane was air-dried, and protein bands were cut with a scalpel. Amino-terminal sequencing was performed using a Model 492 Procise sequencing system (Applied Biosystems) at Wake Forest University, Winston-Salem, NC. The remaining portion of the trypsin digested sample (2 μl) was subjected to NaBH~4~ cross-linking to with a 5′-end labeled dRP lyase DNA substrate, as described above. The resulting gel was subjected to phosphorimaging, and then the same gel was stained with simlplyBlue SafeStain (Invitrogen) for detection of proteins. The area corresponding to the radioactive band in the phosphorimage and to ∼ 8-kDa peptide in the stained gel was excised and subjected to mass spectrometry analysis at the Mass Spectrometry Research and Support Group Facility, NIEHS-NIH.

RESULTS {#SEC3}
=======

*In vitro* BER activity of mouse Rev1 {#SEC3-1}
-------------------------------------

Mouse fibroblast cells lacking pol β have a DNA repair deficiency and a phenotype of elevated MMS-induced mutations ([@B22],[@B53]). We had shown previously that Rev1 is strictly required for the elevated MMS-induced mutagenesis phenotype ([@B22]) observed in the pol β null background. To explore underlying mechanisms of the Rev1-mediated MMS-induced mutagenesis, we expressed and purified full-length mouse Rev1 (Supplementary Figure S1B) and tested its ability to support *in vitro* BER. Reaction mixtures were assembled with a 35-bp DNA substrate with uracil opposite guanine, purified BER enzymes including UDG, APE1, DNA ligase I and Rev1 (Figure [1A](#F1){ref-type="fig"}). Reactions were initiated by the adding Mg^2+^ and \[α-^32^P\]dCTP, and repair activity was monitored by insertion of \[α-^32^P\]dCMP in place of dUMP in the 35-bp substrate (Figure [1B](#F1){ref-type="fig"}). BER activity of Rev1 was observed, and the activity was dependent on Rev1 concentration and incubation time (Figure [1B](#F1){ref-type="fig"}, Supplementary Figure S1C). Since the complete ligated BER reaction product was observed, these results suggested Rev1 catalyzed both dRP removal and single-nucleotide gap-filling DNA synthesis.

![*In vitro* BER activity of full-length mouse Rev1. (**A**) A schematic representation of the *in vitro* BER substrate (34-base pair duplex DNA containing uracil opposite guanine) and the expected BER products after replacement of uracil with \[^32^P\]dCMP. (**B**) Phosphorimage of denaturing PAGE demonstrating the *in vitro* BER activity of full-length Rev1 is shown. BER activity of Rev1 was evaluated on a uracil-containing BER substrate by measuring incorporation of \[α-^32^P\]dCMP as a function of incubation time. Reaction conditions and product analysis were as described under 'Materials and Methods.' A 35-bp oligonucleotide duplex DNA (250 nM), pretreated with UDG and APE1, was used in a reaction mixture with 500 nM full-length Rev1 and 250 nM DNA ligase I. Aliquots (4.5 μl) were withdrawn at 7.5, 15, 30 and 60 min intervals. The reaction products were separated by 15% denaturing PAGE. The migration positions of ligated BER product and unligated BER intermediate are indicated.](gkw869fig1){#F1}

However, ligation of the gap-filled BER intermediate in this experiment was much weaker than in reference reactions with pol β (Supplementary Figure S1C, lane 4); this was the case even though the reaction mixtures contained a high level of DNA ligase I. When the incubation was extended to 60 min, a larger fraction of the gap-filled BER intermediate was converted to the ligated BER product (Figure [1B](#F1){ref-type="fig"}, compare lanes 1 and 4). These initial results suggested that Rev1 has two BER enzymatic activities: Single-nucleotide gap-filling DNA synthesis and dRP lyase removal of the 5′-dRP group. Nevertheless, accumulation of the unligated DNA synthesis product during the incubations suggested that the dRP lyase activity of Rev1 was much weaker than the gap-filling DNA synthesis activity.

5′-dRP lyase activity of mouse Rev1 {#SEC3-2}
-----------------------------------

To characterize 5′-dRP lyase properties of purified Rev1, we used a BER oligonucleotide substrate that was 3′-end labeled with \[^32^P\]ddAMP. After annealing to the complementary strand, the duplex DNA then was pretreated with UDG and APE1 (Figure [2A](#F2){ref-type="fig"}). The resulting BER substrate contained a one-nucleotide gap with a 5′-dRP flap and the ^32^P-label at the 3′-end of the dRP-containing strand (Figure [2A](#F2){ref-type="fig"}). Removal of the 5′-dRP group from the ^32^P-labeled strand was monitored by electrophoresis in a denaturing gel. The substrate was incubated either with Rev1 or pol β, that was used here as a reference. The results demonstrated that Rev1 could remove the 5′-dRP group, and this was dependent on the concentration of Rev1 (Figure [2B](#F2){ref-type="fig"}). Yet, the Rev1 dRP lyase activity was much weaker than that of pol β (Figure [2B](#F2){ref-type="fig"}).

![dRP lyase activity of full-length Rev1. (**A**) A schematic representation of the dRP lyase substrate (18-mer + ^32^P-dRP) generated by pretreatment of ^32^P-labeled 34-bp DNA with UDG and APE1; the expected ^32^P-labeled 18-mer product formed as a result of Rev1 or pol β (positive control) excision of the 5′-dRP group. (**B**) Pre-incised DNA substrate (50 nM) was incubated either without enzyme (lanes 7 and 8) or with 40 nM Rev1 (lanes 1 and 2), 80 nM Rev1 (lanes 3 and 4), or 10 nM pol β (lanes 5 and 6) for 15 and 30 min. After the incubation, the DNA products were stabilized and analyzed as described under 'Materials and Methods.' A photograph of the phosphorimage, illustrating the reaction products, is shown. The positions of the substrate and product are indicated.](gkw869fig2){#F2}

To verify that the dRP lyase activity observed in Rev1 was intrinsic to the enzyme, we performed NaBH~4~ cross-linking of Rev1 in complex with a 5′-dRP-containing DNA substrate (Figure [3A](#F3){ref-type="fig"}). In this experiment, the 5′-dRP group in the substrate reacts with a lysine ϵ-amine group in the enzyme and forms a Schiff base-containing intermediate; the Schiff base linkage is then be converted to a stable covalent bond by NaBH~4~ reduction ([@B12],[@B51]). When MBP- Rev1 and reference pol β were subjected to the NaBH~4~ cross-linking protocol followed by SDS-PAGE analysis of the samples, protein--DNA complexes of ∼186-kDa and ∼46-kDa, respectively, were observed (Figure [3B](#F3){ref-type="fig"}, lanes 4 to 6, and lane 7). As a control, incubation of the substrate DNA with purified MBP alone failed to show any cross-linked product (Figure [3B](#F3){ref-type="fig"}, lanes 2--3). The electrophoretic mobilities of the ∼186-kDa and ∼46-kDa protein--DNA complexes were consistent with the molecular masses of MBP-Rev1 and pol β, respectively, in complex with the ^32^P-labeled 18-mer oligonucleotide (Figure [3B](#F3){ref-type="fig"}, lanes 4--6 and lane 7). These results are consistent with the interpretation that Rev1 has intrinsic dRP lyase activity.

![NaBH~4~ cross-linking of full-length Rev1. (**A**) A schematic representation of the cross-linking substrate (18-mer + ^32^P-dRP) generated by pretreatment of 5′- ^32^P-labeled 34-bp DNA with UDG and the expected ^32^P-labeled protein DNA complex product (XL product) are shown. (**B**) UDG pre-treated DNA substrate (200 nM) was used in a reaction mixture without enzyme (lane 1) or with 280 and 1000 nM MBP (lanes 2 and 3) or 140, 280 and 1000 nM REV1 (lanes 4, 5, 6), or 100 nM pol β (lane 7), and 1 mM NaBH4. The reaction mixtures were incubated on ice for 1 h followed by incubation at room temperature for 10 min. Covalently cross-linked DNA-protein products were separated by 10% NuPAGE Bis-Tris gel, and the gel was scanned on a PhosphorImager. The positions of cross-linked products and free DNA are indicated. Relative positions of protein markers are indicated on the left side of the phosphorimage.](gkw869fig3){#F3}

Characterization of Rev1 domains in relation to BER activities {#SEC3-3}
--------------------------------------------------------------

Full-length native mouse Rev1, a 137-kDa polypeptide, contains three main regions, namely: The N-terminal region that contains a sequence similar to the BRCT domain found in several DNA repair proteins, such as XRCC1, PARP-1 and DNA ligase III ([@B54]--[@B56]) and referred to here as the BD; the central region containing the DNA polymerase active site and referred to here as the CD; and the C-terminal region termed the interaction domain (ID) (Figure [4A](#F4){ref-type="fig"} and Supplementary Figure S2A) ([@B30],[@B33],[@B57]). Since the BD and CD domains are involved in DNA transactions ([@B34],[@B57]), we decided to express, purify, and examine the corresponding peptides for their ability to conduct BER activities. First, DNA regions corresponding to the BD (residues 41--120) and CD (residues 335--825) of Rev1 were cloned into an expression vector for production of His-NusA and His-MBP tagged polypeptides, respectively. The proteins were overexpressed in *Escherichia coli* and purified (Supplementary Figure S2B). In the case of the BD polypeptide, the His-NusA tag was removed by TEV protease.

![*In vitro* BER and cross-linking (XL) activities of the CD of Rev1. (**A**) A schematic representation of mouse Rev1 sub-domains. Relative positions of the BRCT domain (BD), core domain (CD) and interaction domain (ID) are indicated. BD (residues 41 to 120) and CD (residues 335 to 825) purified peptides are shown. (**B**) NaBH~4~ cross-linking of the Rev1 CD was evaluated as in Figure [2B](#F2){ref-type="fig"}. UDG pre-treated DNA substrate (200 nM) was used in a reaction mixture without enzyme (lane 1) or with 400 nM purified CD (lane 2), and 1 mM NaBH~4~. The reaction products were processed as described under 'Materials and Methods.' The positions of XL-CD and free DNA are indicated. Relative positions of protein markers are indicated on the left side of the phosphorimage. (**C**) Phosphorimage of denaturing PAGE demonstrating the *in vitro* BER activity of the Rev1 CD. BER activity of the CD (500 nM) was evaluated using a uracil-containing BER substrate by measuring incorporation of \[α-^32^P\]dCMP as a function of incubation time, as in Figure [1B](#F1){ref-type="fig"}. A 35-bp oligonucleotide duplex DNA (250 nM) was added to a reaction mixture with 500 nM CD and 250 nM DNA ligase I. After incubation aliquots (4.5 μl) were withdrawn at 7.5, 15, 30 and 60 min. Reactions were terminated by addition of an equal volume of gel-loading buffer. The reaction products were analyzed as above. The migration positions of the ligated BER product and unligated BER intermediate are indicated.](gkw869fig4){#F4}

The dRP-NaBH~4~ cross-linking of these polypeptides was assayed using a ^32^P-labeled dRP lyase substrate. The BD failed to show cross-linking to the dRP lyase substrate (data not shown), whereas the CD had retained cross-linking activity (Figure [4B](#F4){ref-type="fig"}, lane 2). Since the CD of Rev1 has polymerase and lyase activities (as shown here), we next investigated whether the purified CD could support BER (Figure [4C](#F4){ref-type="fig"}). BER reaction mixtures were assembled under similar conditions as above, and the *in vitro* BER activity of the CD was monitored (Figure [4C](#F4){ref-type="fig"}). The results indicated that the CD was able to mediate BER, involving dRP removal and one-nucleotide gap-filling activities (Figure [4C](#F4){ref-type="fig"}); therefore, CD was selected for more detailed studies of the dRP lyase activity.

Kinetics measurements of dRP lyase activity of the Rev1 CD {#SEC3-4}
----------------------------------------------------------

To determine kinetic parameters of 5′-dRP lyase activity of the Rev1 CD, we prepared a 34-bp duplex DNA substrate by annealing three DNA strands (Figure [5A](#F5){ref-type="fig"}). The substrate contained an 18-mer DNA strand with 6-FAM at the 3′-end and 5′-RP flap at the margin of a single-nucleotide gap (Figure [5A](#F5){ref-type="fig"}). The rate of dRP removal by the CD was determined under single turnover kinetics conditions (i.e., ratio of enzyme/DNA = 5). The results revealed that the CD released the 5′-dRP group, as monitored by product (labeled 18-mer DNA) formation (Figure [5B](#F5){ref-type="fig"}), with an observed rate of ∼ 0.10 per min (Figure [5C](#F5){ref-type="fig"}).

![Kinetic measurements of dRP lyase activity of the CD of Rev1. The release of dRP from the incised AP-site containing DNA substrate was examined as a function of incubation time, and the rate of dRP removal by CD was determined under single turnover conditions (i.e. enzyme/DNA = 5). The reaction was performed with purified CD as described under 'Materials and Methods'. (**A**) Schematic representation of the DNA substrate prepared by annealing a 15-mer oligonucleotide, a 18-mer oligonucleotide containing uracil at the 5′-end in the nick and FAM at the 3′-end, and a 34-mer oligonucleotide template. (**B**) The duplex DNA (100 nM) was added to a reaction mixture with 500 nM CD. Aliquots were withdrawn at the indicated times, and the products were stabilized by the addition of 20 mM NaBH~4~ and incubation on ice for 30 min. Then, an equal volume of gel-loading dye buffer was added, and the reaction products were analyzed as in Figure [2B](#F2){ref-type="fig"}. A representative phosphorimage of the polyacrylamide gel illustrates product formation at various times. (**C**) Time course data were analyzed using ImageQuant software and fitted to an exponential equation by using nonlinear least squares methods to determine the reaction rate (*k*~obs~ = 0.10 per minute). Average values of relative product formed (%) from four experiments were plotted against incubation time (min). Standard error bars are shown.](gkw869fig5){#F5}

Domain mapping of the CD by limited proteolysis {#SEC3-5}
-----------------------------------------------

Experiments were conducted to further localize the active site of the Rev1 dRP lyase activity. The CD was subjected to limited tryptic digestion, and then the incubation mixtures were subjected to NaBH~4~ cross-linking (Figure [6A](#F6){ref-type="fig"}). With 5 min digestion, one major labeled peptide (termed Peptide I) of ∼ 8-kDa and minor higher molecular mass peptides were observed (Figure [6A](#F6){ref-type="fig"}). The labeled ∼ 8-kDa peptide persisted during longer incubations, i.e., 10 and 20 min (Figure [6A](#F6){ref-type="fig"}, lanes 5 and 6). When the same gel was stained for peptides, a band of ∼ 8-kDa was observed (Figure [6B](#F6){ref-type="fig"}). A gel slice corresponding to the ∼ 8-kDa area of the gel was recovered; the peptide was subjected to mass spectrometric analysis (Figure [6B](#F6){ref-type="fig"}). Several peptides (shown in red) were observed corresponding to the ∼ 170 amino acid segment of the carboxy-terminus of the CD (Figure [6C](#F6){ref-type="fig"}). The identity of the ∼ 8-kDa peptide (I) (Figure [6C](#F6){ref-type="fig"}) also was verified by N-terminal sequencing. Therefore, we cloned and expressed a deletion mutant (residues 335--657) lacking the 168-amino acid segment the carboxy-terminus of the CD, and we refer to this deletion mutant as the 'mutant core domain' (MCD). Next, we tested for dRP lyase and NaBH~4~ cross-linking activities of the MCD. The results revealed the MCD was devoid of both dRP lyase and cross-linking activities (Figure [7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}). Thus, these results revealed that the dRP lyase active site resides in the 168-amino acid segment of the carboxy-terminus of the Rev1 CD.

![Limited proteolysis of the Rev1 CD with trypsin. Purified 100-kDa CD (66 μg) was digested at 25°C with trypsin (0.66 μg) at a weight ratio of 1:100 (trypsin:CD) in 100 mM Tris--HCl, pH 8.0. Aliquots were withdrawn at 2, 5, 10 and 20 min, as indicated at the *top* of the photograph. (**A**) A portion (1/10th) of each digested sample was incubated with 5′-end labeled dRP lyase DNA substrate and then subjected to NaBH~4~ cross-linking as in Figure [2](#F2){ref-type="fig"}. The gel was scanned on a PhosphorImager. The positions of XL-CD and the ∼XL-peptide (I) (∼8-kDa) are indicated. (**B**) A photograph of the SimplyBlue stained gel in (A) is shown. (**C**) The radiolabeled fragment corresponding to the ∼ 8-kDa peptide (I) from the stained gel in (B) was incised from the gel and subjected to MS analysis. The tryptic peptide amino acid sequences found in MS/MS analysis, corresponding to the ∼170 amino acid segment of the carboxy-terminus of the CD of Rev1, are indicated in red. The green arrow indicates the deletion site in the mutant CD (MCD) of Rev1 (see Figure [7](#F7){ref-type="fig"}).](gkw869fig6){#F6}

![dRP lyase and NaBH~4~ cross-linking activities of the CD and MCD of Rev1. (**A**) A line diagram illustrating the amino acid segments of CD and MCD of Rev1 (**B**) dRP lyase activity of the CD and MCD of Rev1. UDG/APE1 pre-treated DNA substrate (50 nM) was incubated either with 200 nM CD (lanes 1 and 2), 200 nM MCD (lanes 3 and 4), or without enzyme (lane 5). After incubation of 20 and 40 min, the DNA products were stabilized and analyzed as in Figure [2B](#F2){ref-type="fig"}. The positions of substrate and the product are indicated. (**C**) NaBH~4~ cross-linking (XL) activity of the CD and MCD. UDG/APE1 pre-treated DNA substrate (200 nM) as in Figure [4B](#F4){ref-type="fig"} was mixed either with dilution buffer (lane 1), 400 nM CD (lane 2), or 400 nM MCD (lane 3) and 1 mM NaBH~4~. The reaction conditions and product analysis were as in Figure [4B](#F4){ref-type="fig"}. The positions of XL-CD and free DNA are indicated.](gkw869fig7){#F7}

DISCUSSION {#SEC4}
==========

We reported earlier that Rev1 is required for the MMS-induced mutagenesis phenotype observed in a pol β null background in mouse fibroblast cells ([@B22]). Our interpretations of this phenotype were that Rev1 substituted for pol β during BER and processed intermediates of BER in an error-prone manner or that Rev1 recruited another DNA polymerase to the BER intermediates, possibly an error-prone Y-family DNA polymerase that had already been implicated in BER. In the current study to explore the possibility that Rev1 itself may contribute enzymatic roles in BER, we examined purified Rev1 for activities involved in BER, including gap-filling DNA synthesis and 5′-dRP lyase. When Rev1 was substituted for pol β, the complete ligated repair product was observed (Figure [1](#F1){ref-type="fig"}). Rev1 insertion of dCMP into a gap opposite deoxyguanine in the template was not surprising since Rev1 is well known for its specific deoxycytidyl transferase activity ([@B58]). This result suggested Rev1 has a new activity capable of removing the 5′-dRP group at the margin of the DNA gap formed by APE1 incision of the AP site in DNA. We confirmed this activity of Rev1 by direct assays for dRP lyase activity and by Schiff base reduction experiments to trap the β-elimination intermediate Further, we found that both the dRP lyase and gap-filling activities reside in the ∼57 kDa region of the catalytic domain of Rev1, spanning residues 335--825, and an expressed protein corresponding to this region was sufficient to perform BER in a fashion similar to that of full-length Rev1 (Figures [1](#F1){ref-type="fig"} and [4](#F4){ref-type="fig"}). Using limited proteolysis, mass spectrometry and sodium borohydride cross-linking methods, we demonstrated that the dRP lyase activity resides in the 168 residue C-terminal segment of the ∼57-kDa region of Rev1.

Characterization of enzymatic properties of the Rev1 dRP lyase activity revealed that the rate constant from single-turnover analysis (0.1/min) was orders of magnitude lower than that of pol β. Yet, the steady-state rate (0.1/min) was only 45-fold lower than that of pol β (4.5/min) ([@B50]). As expected for a weak single-turnover rate constant, the steady-state rate was similar.

From biochemical and genetic studies, it was proposed that the N-terminal region of Rev1 is responsible for recruiting Rev1 to DNA damaged through the BD that mediates protein--protein interactions. Interestingly, deletion of the BD of Rev1 in ES cells showed hypersensitivity to DNA damaging agents. These results were consistent with a regulatory role of the BD of Rev1 in TLS ([@B59]). The central region of Rev1, the catalytic domain, is responsible for the DNA polymerase activity that primarily incorporates dCMP opposite deoxyguanines and AP sites. The extreme C-terminal region of Rev1 was shown to play a role in recruiting Y-family DNA polymerases and repair proteins to sites of DNA damage ([@B33],[@B60]). Mice harboring catalytically inactive Rev1 showed reductions of not only C to G and G to C transversions, but also C to T and G to A transitions and A:T transversions, suggesting regulation of these mutations through functional interactions with other DNA polymerases ([@B34]). In this study, the authors suggested that Rev1 participates in multiple mutagenetic pathways ([@B34]), and our previous observation of Rev1-dependance in MMS-induced mutagenesis was consistent with the notion of Rev1 involvement in multiple pro-mutagenesis pathways. In that study, a subset of the mutations observed in pol β null MEFs could have originated from Rev1-mediated BER, apart from the expected contribution of lesion bypass DNA polymerases to the mutagenesis ([@B22]).

During SHM in immunoglobulin genes and class switch recombination, AP sites are generated after activation-induced cytidine deaminase (AID) action ([@B61]). AID deaminates cytosines to uracils and the AP sites are formed by UDG removal of uracils. AP sites also are formed spontaneously as a result of hydrolytic cleavage of the *N*-glycosylic bond or through DNA glycosylase catalyzed damaged base removal, and these AP sites are common intermediates in several DNA transactions in mammalian cells, including SHM, TLS and BER ([@B1],[@B5],[@B61]--[@B63]). While some of the AP sites are processed through other repair pathways, a portion of these AP sites might be processed through BER after APE1 incision ([@B39],[@B61],[@B63]).

The pol β-mediated, relatively error-free, BER may not be advantageous during Ig genes hypermutation, and we and others have shown that the expression of pol β in B cells abolishes mutagenesis; these results were in agreement with those obtained by Rajeswky and associates in a mouse model in which they showed a lack of requirement of pol β in SHM ([@B44],[@B64],[@B65]). Consistent with these observations, Stavnezer and associates showed that deficiency of either pol β or pol λ or both polymerases had no direct role in SHM in a mouse model ([@B43]). Notably, we observed a significant level of *pol β-independent* BER in B cells, and this was consistent with involvement of error-prone BER during SHM mutagenesis. Therefore some of the mutations may have resulted from BER mediated by lesion bypass DNA polymerases ([@B44]). These results also suggested that Rev1 might participate during Ig gene SHM through its BER activities. Interestingly, DNA polymerase θ, a low-fidelity DNA polymerase that has been implicated in SHM, possesses weak dRP lyase and single-nucleotide gap-filling activities similar to Rev1 ([@B52],[@B66]). Taken together, these results point to the possibility that Rev1 may process some of the AP sites through error-prone BER. It is also interesting that a mutational signature of APOBEC family of cytidine deaminases was found in breast and several other types of cancers genomic DNA ([@B67]--[@B70]). This suggests that APOBEC-mediated cytosine deaminase activity and Rev1 dCMP insertion could be involved in cancer genome mutagenesis, in addition to SHM.

Finally, it will be interesting in future experiments to identify the nucleophile (s) responsible for the dRP lyase β-elimination reaction and to examine the biological effects of alterations in this residue (s) on BER and Ig genes SHM. These experiments, however, were beyond the scope of the present study.
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